Strigolactones (SLs) are small carotenoid-derived molecules that possess a wide spectrum of functions, including plant hormonal activities and chemical mediation of rhizosphere communication with both root parasitic plants and symbiotic arbuscular mycorrhizal fungi. Chemicals that regulate the functions of SLs may therefore have the potential to become widely used in agricultural applications. For example, various SL analogs and mimics have been developed to reduce the seed banks of root parasites in the field. Other analogs and mimics act selectively to suppress branching, with weak, or no stimulation, of germination in root parasites. In addition, some antagonists for SL receptors have been developed based on the mechanisms of SL perception. A better understanding of the modes of action of SL perception by various receptors will help to support the design of SL analogs, mimics, and antagonists with high activity and selectivity. Here, we review the compounds reported so far from the viewpoint of their selectivity to their targets, and the possibilities for their use in agriculture.
Introduction
Agrochemicals are powerful tools and are widely used to increase the yields of farm products. Agrochemicals that control plant growth and functions increase crop yields by improving the crop quantity and quality, and can also facilitate harvesting. These chemicals are collectively referred to as plant growth regulators (PGRs). In many cases, PGRs affect the metabolism of, or responses to, plant hormones. They are mainly natural plant hormones or their synthetic analogs, and they inhibit biosynthesis, transport, or perception. As a classic example, natural and synthetic auxins are used to improve fruit setting in tomato and also to stimulate the proliferation of roots on cuttings of a wide range of trees (Crane, 1964; Rademacher, 2015) . In contrast, some PGRs are used to suppress the growth of plants. For example, gibberellin biosynthesis has been targeted to reduce unwanted longitudinal shoot growth and to prevent lodging in cereals and rice without lowering plant productivity (Rademacher, 2000) . Other plant hormones and their regulators are also exploited for PGRs employed in agriculture.
Strigolactones (SLs) are small carotenoid-derived molecules that act as plant hormones and chemical mediators of rhizosphere communication in both parasitic and symbiotic interactions. The plant hormonal functions displayed by a series of SLs were first characterized as inhibitors of shoot branching (Gomez-Roldan et al., 2008; Umehara et al., 2008) . SLs are now recognized as crucial hormones involved in modulation of multiple aspects of plant development, including shoot branching, root development, leaf senescence, secondary growth of the stem, and responses to environmental stress (Agusti et al., 2011; Kapulnik et al., 2011; Ruyter-Spira et al., 2011 Seto et al., 2012; Ha et al., 2014; Yamada et al., 2014; Al-Babili and Bouwmeester, 2015) . Prior to their recognition as plant hormones, SLs were first isolated as seed germination stimulants for root parasitic plants of genera such as Striga, Orobanche, and Phelipanche, which cause devastating damage to crops. SLs were later identified as inducers of hyphal branching in symbiotic arbuscular mycorrhizal (AM) fungi (Akiyama et al., 2005) . These multiple functions are promising for generating novel uses as PGRs (Screpanti et al., 2016; Vurro et al., 2016) . Various SL analogs, mimics, and antagonists have been developed that contribute to stimulating the germination of root parasitic plants, regulating shoot branching, and inducing hyphal branching in AM fungi (Akiyama et al., 2010; Zwanenburg and Pospísil, 2013; Zwanenburg et al., 2016b Zwanenburg et al., , 2018 .
According to the classical concept, an agonist ligand interacts with a specific target and activates its unique biological activity. SLs are recognized by an α/β-hydrolase-like receptor, DWARF14 (D14), and are hydrolysed (Hamiaux et al., 2012; Nakamura et al., 2013; Zhao et al., 2013 Zhao et al., , 2015 de Saint Germain et al., 2016; Yao et al., 2016) . D14 then induces the formation of a complex with a repressor protein, D53/ SUPPRESSOR OF MAX2 LIKE6/7/8 (SMXL6/7/8) (Jiang et al., 2013; Zhou et al., 2013) , and an F-box protein, D3/ MORE AXILLARY GROWTH2 (MAX2), for ubiquitination and degradation, which is considered a trigger for the activation of SL responses (Jiang et al., 2013; Zhou et al., 2013; Soundappan et al., 2015; Wang et al., 2015; Liang et al., 2016) . This model seems to be applicable to SL perception in root parasitic plants. KARRIKIN INSENSITIVE2 (KAI2)/HYPOSENSITIVE TO LIGHT (HTL), a paralog of D14, was found to be a receptor of karrikins in Arabidopsis (Nelson et al., 2010) . Karrikins are smoke-derived butenolide molecules and play versatile roles in seed germination and photomorphogenic seedling growth (Nelson et al., 2009 (Nelson et al., , 2010 . Karrikins and SLs display complicated crosstalk by sharing MAX2, but they diverge on the basis of targets (Nelson et al., 2011) . Although the signaling events after karrikin perception are not fully understood, genetic evidence suggests that karrikin-induced interaction between KAI2 and SUPPRESSOR OF MAX2 1 (SMAX1) leads to SMAX1 degradation by MAX2 via proteolysis for karrikin signal transduction. Interestingly, root parasitic plants are able to use KAI2/HTL to perceive SLs. The KAI2 gene has dramatically duplicated and diversified its ligand in parasitic lineages (Conn et al., 2015) . Among the orthologues in the parasite-specific divergent clades of KAI2/HTL, ShKAI2ds/ ShHTL4-9 are responsible for the perception of SLs and hence for stimulating seed germination of Striga hermonthica (Conn et al., 2015; Toh et al., 2015; Tsuchiya et al., 2015) . ShKAI2ds/ShHTL4-9 are believed to have a similar mode of action to D14 with respect to transducing the SL signal . Understanding the molecular basis of SL perception will help to facilitate the design of SL analogs, mimics, and antagonists.
Species-selective analogs, mimics, and antagonists are important because they can confer beneficial protective properties to crops. In this context, the discovery of agonists or antagonists selective for specific SL receptors would be valuable for crop production because SLs have versatile receptors and functions. In this review, we summarize the SL-related compounds, such as agonists and antagonists, that have been reported so far from the viewpoint of their target selectivity and their possible uses in agriculture.
Natural SLs

Canonical and non-canonical SLs
Al- Babili and Bouwmeester (2015) proposed that natural SLs are carotenoid-derived compounds that include a D-ring connected by an enol-ether moiety. Based on their structures, natural SLs are divided into two groups, canonical and noncanonical. To date, a total of approximately 30 natural SLs across both groups have been isolated (for distribution and biological activity of natural SLs in plants, see Cavar et al., 2015; Xie, 2016) . All natural SLs possess an R-configured stereocenter (C-2´) on the D-ring.
Canonical SLs consist of strigol-like structures, an ABC moiety, and a D-ring connected by an enol-ether moiety. On the basis of the orientation of the C-ring, canonical SLs can be classified into two groups: a strigol-type SL with a β-oriented C-ring (S configuration at C-8b; Fig. 1A) , and a natural orobanchol-type SL with an α-oriented C-ring (R configuration at C-8b; Fig. 1B) .
The D-rings of non-canonical SLs are connected to a variety of structures other than an ABC moiety by an enol-ether moiety (Fig. 2) . Recently, non-canonical SLs have been discovered to act as germination stimulants in a variety of plant species. In addition, carlactone (CL), having only an A-ring and D-ring, was proposed as a biosynthetic intermediate of SLs in vitro (Alder et al., 2012) , and then subsequently found in rice and Arabidopsis (Seto et al., 2014) . Metabolites of CL, carlactonoic acid (CLA), and methyl carlactone (MeCLA) have been detected in Arabidopsis roots (Abe et al., 2014; Seto et al., 2014) . Some of these biosynthetic precursors also stimulate seed germination of root parasitic plants, indicating that various non-canonical SLs are involved in rhizosphere communication.
Other natural germination stimulants
Several natural plant products with structures different from SLs are also capable of stimulating seed germination of root parasites (Fig. 3) . Dihydrosorgoleone was isolated in root exudates of sorghum as a germination stimulant for S. asiatica (Chang et al., 1986) . Sesquiterpene lactones including 5-hydroxyisozaluzanin C (Galindo et al., 2002) , dehydrocostuslactone (Fischer et al., 1990; Joel et al., 2011) , costunolide (Raupp and Spring, 2013) , and dihydroparthenolidare (Fischer et al., 1989) have also been shown to be active as germination stimulants. Other germination stimulants have been isolated from root exudates of common vetch, Vicia sativa (soyasapogenol B and trans-22-dehydrocampesterol; Evidente et al., 2011) , and roots of rapeseed, Brassica napus (isothiocyanates; Auger et al., 2012) . Similar germination activity has also been found in some microbial metabolites, including fusicoccin and related compounds (Yoneyama et al., 1998; Evidente et al., 2006; Fernández-Aparicio et al., 2008) , and cyclopaldic acid (Cimmino et al., 2014) . Generally, these compounds are less active than natural SLs against root parasites.
Structural requirements of SLs for biological activity
Plants produce and exude mixtures of various SLs, and the amounts and ratios fluctuate according to growth stages and environmental conditions. Thus, natural SLs consist of a wide variety of chemical structures, and their activities differ between different biological assays. Differences in responses of AM fungi and the root parasitic plant S. hermonthica to SLs were confirmed using exudates from rice and maize roots (Cardoso et al., 2014; Yoneyama et al., 2015) . The results clearly demonstrated that the structural requirements of SLs for inducing hyphal branching in AM fungi are different from those of SLs for stimulating seed germination of root parasitic plants.
Structure-activity relationship (SAR) studies of SLs as stimulants of hyphal branching in the AM fungus Gigaspora margarita have been performed (Fig. 4 ; Akiyama et al., 2010) . All of the examined canonical SLs were found to be active as branching factors. Orobanchol and 4-hydroxy-5-deoxystrigol showed the highest hyphal branch induction activity. The activity of medicaol was comparable to its six-membered relative, orobanchol (Tokunaga et al., 2015) . Various SL analogs have been examined for their activities relative to the GR-type analog GR24, which is widely used for biological and biochemical assays as the most potent compound available (see below). The activity of GR24 is also comparable to that of strigol (Akiyama et al., 2010) . GR7 lacks the A-ring of GR24 and is much less active than GR24; GR5 lacks the A-and B-ring of GR24 and is nearly inactive (Besserer et al., 2006 ; Akiyama et al., 2010) . In other words, in canonical SLs the ABC moiety and the connection of the C-ring to the D-ring are necessary for the SL to be an active stimulant of hyphal branching in AM fungi (Akiyama et al., 2010) . Non-canonical SLs are generally less active than canonical SLs except for CLA, whose activity is comparable to that of strigol (Mori et al., 2016) .
Seed germination-stimulating activities of various natural SLs and SL analogs against some root parasitic plant species have been compared in order to identify the essential structures that contribute to host recognition by root parasitic plants. SAR studies of GR-type SL analogs on seed germination of S. hermonthica and O. crenata demonstrated that the D-ring connected to an enol-ether moiety that is conjugated with a carbonyl group is essential for activity (Fig. 4; Zwanenburg et al., 2016b) . This minimum structure is needed for the detachment of the D-ring to produce the hydroxy D-ring during perception by SL receptors of root parasites, which is the basis of the expression of the seed germination activity Zwanenburg et al., 2016b ; see also the section 'Perception of SLs', below). Hence, in addition to canonical SLs, non-canonical SLs including CLA and MeCLA also possess seed germination activity (Xie et al., 2008a Kisugi et al., 2013; Abe et al., 2014; Ueno et al., 2014) . Many types of natural SLs stimulate seed germination to varying degrees in O. minor and S. hermonthica (Kim et al., 2010; Nomura et al., 2013) , and this may lead to these plants parasitizing the roots of numerous different plant species. On the other hand, some root parasite species have a narrow host spectrum (Fernández-Aparicio et al., 2009) . For example, germination of S. gesnerioides, which is not induced by GR24, is induced by a few specific SLs identified from its host, cowpea, including orobanchol Nomura et al., 2013) . The differential responsiveness of these parasites to SLs may reflect differences in receptor architecture of each parasite species. Therefore, a SAR model for one species of root parasite is unlikely to be universally applicable for other species.
SAR studies of natural SLs on seed germination of O. minor have indicated that canonical SLs that are monohydroxylated at the A-or B-ring are more active than in their acetate form (Sato et al., 2005; Xie et al., 2008b; Kim et al., 2010) . Specifically, an α-hydroxyl group at the C-4 position, such as in solanacol, enhances germination activity (Xie et al., 2007) . However, the activity of 7-oxoorobanchol is relatively weak, probably because of its instability (Xie et al., 2009; Kim et al., 2010) . In a seed germination study of S. hermonthica, among the canonical SLs that were tested, strigol-types generally showed a higher germination-stimulating activity than natural orobanchol-type SLs (Nomura et al., 2013) . Seed germination stimulation activity on one root parasite species is different from that of others. For example, the activities of sorgomol, strigone, and methyl zealactonoate are higher against S. hermonthica than against O. minor. (Xie et al., 2008a Kisugi et al., 2013) , whilst heliolactone is more active in germination stimulation of O. minor than it is of S. hermonthica (Ueno et al., 2014) .
Although they possess various functions as plant hormones, the structural requirements of natural SLs for hormonal activity have so far been confirmed by measuring inhibition of shoot branching in SL-biosynthesis mutants. Rice mutants, such as d10 and d17, are the most popular plants for evaluating the hormonal activity of SLs. All canonical SLs that have been tested, including strigol and orobanchol, have been active in inhibiting tiller bud outgrowth in rice seedlings (Umehara et al., 2008 (Umehara et al., , 2015 . In contrast to germination stimulation of root parasitic plants and the induction of hyphal branching, GR7 and GR5 strongly inhibit tiller bud outgrowth in rice. An R configuration at the C-2´ position that is connected by an enol-ether moiety is critical for plant hormonal activity in rice ( Fig. 4 ; Umehara et al., 2015) , and it is also important for activity as a branching inhibitor in Arabidopsis (Scaffidi et al., 2014; Umehara et al., 2015) . By contrast, the stereochemistry at the C-2´ position of the D-ring was not found to be important for inhibition of shoot branching in garden pea (Boyer et al., 2012) . This SAR study demonstrated that the presence of both an α, β-unsaturated carbonyl and a D-ring is essential for biological activity in this species (Fig. 4) . Intriguingly, in garden pea, SL analogs with a 3´-methyl-D-ring have more potent inhibitory activity than those with a D-ring (Boyer et al., 2012) .
Non-canonical SLs also have been demonstrated to show plant hormonal activity. CL recovered the high branching phenotype of SL-biosynthesis mutants in rice and Arabidopsis (Alder et al., 2012; Scaffidi et al., 2013) . This shows that the structural requirement of SLs for controlling plant architecture is different from that for inducing hyphal branching in AM fungi. In Arabidopsis, compared to CL, CLA and MeCLA significantly suppressed the number of lateral inflorescences of a SL-biosynthesis mutant, max1 (Abe et al., 2014) . Biochemical analyses showed that MeCLA binded to Arabidopsis D14, whereas CL and CLA did not, and was hydrolysed by it (Abe et al., 2014) . These results strongly suggest that MeCLA functions as an active plant hormone in Arabidopsis, but that it is further catalysed by an oxidoreductase-like enzyme of the 2-oxoglutarate and Fe (II)-dependent dioxygenase family, LATERAL BRANCHING OXIDOREDUCTASE (LBO), to give an unidentified compound that may possess more potent SL activity (Brewer et al., 2016) .
It is clear from the above discussion that the structural requirements for SL activities are different depending on the physiological events involved and the plant species. This can be ascribed to the differences in the structure of the SL receptor and/or the mode of SL perception. In other words, there should be an optimal combination between each SL receptor and its ligand; however, it is difficult to investigate the detailed relationships between natural SLs and receptors because of the high cost of synthesizing SLs in sufficient quantities, and their instability. Therefore, it is necessary to develop novel SL analogs and mimics that overcome the disadvantages of natural SLs for both academic and practical use. In order to design analogs and mimics that are applicable to agriculture, it is important to understand the molecular basis of SL perception, and we outline recent developments in this subject in the following section.
Perception of SLs
D14 was identified as a SL receptor that is a member of the α/β-hydrolase superfamily, which includes GID1, the receptor for gibberellin (GA). Different from GID1, D14 possesses catalytic activity with regards to SLs (Hamiaux et al., 2012; Nakamura et al., 2013) . D14 has an α/β-hydrolase fold consisting of β-sheets surrounded by four α-helices, which form a lid over a SL ligand-binding cavity. The cavity has a serine (Ser)-histidine (His)-aspartate (Asp) catalytic triad (Hamiaux et al., 2012; Kagiyama et al., 2013; Nakamura et al., 2013; Zhao et al., 2013 Zhao et al., , 2015 . When a SL docks into the ligandbinding cavity, a catalytic Ser nucleophilically attacks the C-5´ position of the D-ring and then hydrolyses the SL to generate a formyl tricyclic ABC moiety and a D-ring intermediate molecule that is covalently bound with the catalytic His residue in D14 inside the cavity (Fig. 5; de Saint Germain et al., 2016; Yao et al., 2016) . When D14 is bound with the D-ring intermediate it alters the structure of the lid to transform it into a closed state, and this is followed by recruitment of D3 and ASK1, a Skp1 protein (Yao et al., 2016) . The covalent binding of the D-ring intermediate with catalytic residues in D14 plays an important role in activating SL signal transduction. This model seems to be applicable to SL perception in root parasitic plants. The functions of ShKAI2d6/ ShHTL7 may be similar to those of D14: ShHTL7 binds and hydrolyses SL and then binds the D-ring intermediate covalently, followed by interaction with ShMAX2 . Some of alternative modes of action for SL have been proposed based on theoretical and experimental considerations. Scaffidi et al. (2012) proposed that a nucleophile at D14 reacts with the C-5´ position of the D-ring of SL and results in cleavage of SL to formyl an ABC moiety and a D-ring by a process of Michael addition. Another mechanism for SL perception has been proposed by Zwanenburg et al. (2016b) . This mode requires the nucleophilic addition of a water molecule induced by the Ser of the catalytic triad in D14 to the enolether linkage between the C-and D-rings, leading to cleavage and the generation of a formyl ABC moiety and a hydroxy D-ring. The detachment of the hydroxy D-ring induces a conformational change of the ligand-binding cavity in D14 that allows an interaction of D14 and SL signaling partners, such as D3 and D53, which is then followed by the physiological functions of the SLs.
These mechanisms of perception indicate that the chemical structure that can induce hydrolysis of the D-ring in SLs is essential for expressing their activity. With this in mind, in the next section we review the SL analogs, mimics, and antagonists that have developed for practical use in agriculture so far.
SL analogs, mimics, and antagonists
The genera Striga and Orobanche are the most damaging root parasitic plants worldwide (Parker, 2009) . After germination, they form a radicle that attaches to the roots of the host plant, and they then drain carbohydrates and other essential nutrients from their host and suppress its growth and development. Seeds of root parasitic plants are able to germinate only after stimulation and they do not grow in the absence of host plants. Thus, to them, application of germination stimulants to soil contaminated with seeds of root parasitic plants before the planting of host crops may be an effective approach (termed 'suicidal germination'). Natural SLs are not suitable for use because their chemical synthesis is costly, and they are unstable in the soil. To overcome these problems, various SL analogs and mimics have been developed. As SLs possess many physiological functions other than their effects on root parasitic plants, SL analogs and mimics can be applied for various different purposes in agriculture.
SL analogs and mimics
Natural SLs possess a D-ring linked by an enol-ether moiety, and this provides the criterion for designing SL analogs. Based on the structure of strigol, the GR-type compounds were designed. Among them, GR24 induces germination at the same level as strigol ( Fig. 6A ; Visser and Johnson, 1982) , and hence it is now widely used as a standard compound in germination tests for root parasitic plants. The simplified GR-type compounds GR7 and GR5 are also active as germination stimulants and were used in the first suicidal germination experiment that tested SL analogs (Johnson et al., 1976) . The R stereochemistry at the C-2´ position of GR24 is important for its potent activity, as it is for natural SLs, indicating that stereo structures affect the activity of SL analogs Thuring et al., 1997; Welzel et al., 1999) . However, GR-type compounds are impractical for agricultural use due their difficult synthesis and instability in alkaline soil. Based on SAR studies of GR-type compounds, Nefkens et al. (1997) designed an N-substituted phthalimide derivative, named Nijmegen-1 (Fig. 6A ). This compound has been applied in suicidal germination experiments in the field at various sites, including Europe and the US, and some of these trials have shown that it can drastically reduce the emergence of O. ramosa (Zwanenburg et al., 2009 (Zwanenburg et al., , 2016a . This study demonstrated that suicidal germination can be a useful strategy for control of root parasitic plants. To obtain more active compounds with simpler structures, several SL mimics have been developed, such as a simple ketone derivative (Mwakaboko and Zwanenburg, 2011a ) and a saccharine derivative (Zwanenburg and Mwakaboko, 2011) (Fig. 6B) . SL mimics is the term for a group of compounds with activity similar to SLs, but that contain a D-ring connected with substituents without an enol-ether bridge. They can be synthesized in a relatively short process, and hence they have an advantage over other compounds in terms of low preparation costs Zwanenburg, 2011a, 2011b) . It is noteworthy that these compounds do not possess either the ABC scaffold or the enol-ether moiety, which provides a new avenue for designing SL mimics. Recently, it was demonstrated that a SL mimic could be used to induce suicidal germination of S. hermonthica in the field. Samejima et al. (2016) designed a carbamate derivative, named T-010, and applied it to soil containing S. hermonthica, and this resulted in a drastic reduction in the emergence of S. hermonthica plants and a significant increase in the biomass of shoots and heads in sorghum subsequently planted in the soil. Some imino analogs of SLs, in which the enol-ether group was replaced by an imino ether group, have been shown to induce seed germination of both S. hermonthica and O. minor, and one of them showed a higher activity than GR24 in inducing seed germination of O. crenata (Kondo et al., 2007) . Strigolactams, analogs of GR-type compounds in which the lactone C-ring is replaced by a lactam structure, retain germination stimulation activity against the seed of root parasitic plants (Lachia et al., 2015) , it is notable that the activity of a strigolactam derived from GR24 was higher than that of GR24 itself in inducing germination of O. cumana. At present there are no reports on the hydrolysis of lactam derivatives by SL receptors, but it will be very important to investigate and compare their perception mechanisms. In addition, phthalimide-conjugated mimics have been demonstrated to induce germination in Orobanche and Phelipanche species, and some showed species selectivity (Cala et al., 2016) . These findings indicate that structurally variable SL analogs and mimics are able to induce seed germination of root parasites. Almost all the SL analogs and mimics that have been found to have parasite germination-inducing activity have never been examined for their plant hormonal activity, and this is worthy of investigation. Recently, an analog of non-canonical SLs was demonstrated to possess plant hormonal activity. Nitro-phenlactone, a structurally CL-related compound, induced seed germination of P. ramosa at a lower concentration than GR24, although its effect on S. hermonthica was weaker. It was found to rescue the high-branching phenotype of SL-biosynthesis mutants in rice and Arabidopsis, but it did not induce hyphal branching in AM fungi (Jia et al., 2016) . These demonstrates that SL analogs and mimics can be designed with functional selectivity.
Based on SAR studies, Boyer et al. (2012) suggested that the activities of SL analogs depend on both the structures of the compounds and on the plant species. As we noted above, in the garden pea, SL analogs with a 3´-methyl-D-ring inhibited bud outgrowth more strongly than those with a D-ring (Boyer et al., 2012) . Interestingly, these SL analogs moderately induced seed germination of P. ramosa. Specifically, 3´-methyl-GR24 and -AR36, which have a 3´-methyl-D-ring connected to an unsaturated acyclic carbon chain by an enolether bond, showed almost exclusive selectivity for SL signaling involved in nodule elongation in the garden pea ( Fig. 7 ; Boyer et al., 2012 Boyer et al., , 2014 . Fukui et al. (2011) first developed SL mimics with potent inhibitory effects on tiller bud outgrowth in rice. These compounds, which are named 'debranones', consist of a furanone ring connected to a phenoxy substituent lacking an enol-ether moiety. The most potent compound among them is 4-bromodebranone (4BD), which completely inhibits tiller bud outgrowth in rice at a lower concentration than GR24, but has little stimulatory effect on seed germination of S. hermonthica. 4BD also shows various plant hormonal activities, including inhibition of shoot branching and elongation of root hairs in Arabidopsis (Fukui et al., 2013; Takahashi et al., 2016) . Although the structure of 4BD is different from that of natural SLs, the mode of action of its perception seems to be same as that of GR24 and natural SLs (Yao et al., 2016) . Debranones, having both a dimethylbutenolide D-ring and a substituted S-atom at the C-2´ position, also have high activity for inducing nodule elongation in the garden pea, with moderate activity against seed germination To evaluate the inhibition of shoot branching, tiller bud outgrowth of rice was used for 4BD and 2B6CND, and axillary bud outgrowth of garden pea was used for 3´-methyl-GR24, AR36, and an S analog of debranone. The relative inhibition was determined by the concentration at which the compounds produced the same inhibition in each biological assay as GR24. The results of application of GR24 were standardized to 1. Original data are used from Fukui et al. (2011 Fukui et al. ( , 2013 of P. ramosa (Boyer et al., 2014) . The relative activities of mimics with regards to inhibition of shoot branching and stimulation of seed germination of S. hermonthica are shown in Fig. 7 . Although the materials and conditions were different between each study, the debranones and their mimics with a dimethylbutenolide D-ring strongly inhibited bud outgrowth of rice and garden pea, and their activities were more than five times that of GR24. In contrast, these compounds had less activity with regards to induction of the germination of S. hermonthica seeds, and their activities were less than 10 -5 that of GR24. Collectively, these results suggest that SL analogs and mimics could be designed with selectivity for specific SL signaling depending upon the intended purpose of the application. For example, 5-(2-Bromo-6-cyanophenoxy)-3-methyl-2(5H)-furanone (2B6CND) has potent stimulatory effects on S. hermonthica seed germination, and its activity is comparable to that of GR24 at a relatively higher concentration (more than 10 -6 M) ( Fig. 7 ; Fukui et al., 2017) . 2B6CND slightly inhibits tiller bud outgrowth in rice at 10 -6 M, at which concentration GR24 drastically inhibits it.
SL mimics without a conservative D-ring were also reported by Tsuchiya et al. (2010) . They discovered that cotylimide (CTL-VI) is a molecule that regulates light-adapted growth through MAX2 signaling in Arabidopsis. CTL-VI and its derivatives were shown to bind to KAI2/HTL and to induce the interaction between KAI2/HTL and MAX2 in a yeast two-hybrid (Y2H) assay (Toh et al., 2014) . In addition, chemical screening was performed to find new mimics that promoted the interaction between KAI2/HTL and MAX2 using the Y2H assay. Compounds that were found inhibited hypocotyl elongation in Arabidopsis seedlings and induced seed germination of S. hermonthica; however, they had lower activity than that of GR24. These results indicate that SL mimics could be developed with structures different from natural SLs. As stability is a very important consideration, chemicals without a D-ring, which may be more stable than SLs analogs, become good candidates for use as suicidal germination inducers.
SL antagonists
SL antagonists are chemicals that can bind to receptors and thus disrupt the interactions between them and SL agonists. Thus, they can the block biological responses that would be evoked by the activation of receptors by agonists, and inhibit the function of a SL agonist at the receptor. Therefore, SL receptor antagonists can be expected to make crop plants more productive by increasing the number of productive tillers, resulting in increased grain yield. In addition, SL antagonists could also be used for crop protection by inhibiting seed germination of root parasitic plants. Various SL antagonists have been reported recently (Fig. 8) . Mashita et al. (2016) performed a virtual screening in silico to find a SL antagonist that fitted the binding pocket of rice D14 by using the structural information for rice D14 complexed with the hydroxy D-ring reported by Nakamura et al. (2013) . The predicted hydrolysed product of a compound that was thus identified, 2-methoxy-1-naphthaldehyde (2-MN; Fig. 8) , was determined, and demonstrated by a Y2H assay to be an effective antagonist that inhibits SL-induced interactions between D14 and D53 and suppresses SL-stimulated tillering inhibition in rice. On the other hand, 2-MN had a smaller effect on inhibition of seed germination in S. hermonthica when co-treated with GR24. This difference could be due to the use of D14 as the basis for the in silico screening for SL antagonists. This study suggests that structure-based screening is a powerful tool for identification of target-selective SL regulators. Other target-based approaches have also been successful. Most recently, two research groups have reported antagonists of D14 based on in vitro chemical screening. DL1 was identified by observing the competitive inhibition of the hydrolysis of a profluorescent SL mimic by Arabidopsis D14 (Yoshimura et al., 2018) . This compound was able to increase the degree of shoot branching in Arabidopsis and rice. The other compounds, N-phenylanthranilic acid derivatives, were discovered by demonstrating the ability to stabilize D14, which is destabilized in the reaction process with SL (Hamiaux et al., 2018) . The most potent compound, tolfenamic acid, was confirmed to inhibit D14 catalytic activity and to increase bud outgrowth in Arabidopsis and petunia. On the other hand, N-phenylanthranilic acid derivatives could not inhibit GR24-induced seed germination of O. minor, indicating that these compounds were highly selective antagonists for D14. These reports encourage the discovery of selective antagonists for germination inhibition of root parasites by chemical screening that targets KAI2/HTL.
Phenotype-based screening in planta can also be useful for identification of novel SL antagonists. Soporidine (SOP) was identified as a molecule that inhibited SL-dependent hypocotyl shortening in Arabidopsis (Holbrook-Smith et al., 2016) . In a Y2H assay, SOP prevented the GR24-induced interaction between KAI2/HTL and MAX2 and inhibited its hydrolytic activity with regards to KAI2. This compound showed antagonistic activity in a seed germination assay of S. hermonthica. Thus, chemical screening can be useful for identification of novel SL antagonists.
A recent study identified irreversible covalent SL antagonists by rational design based on knowledge of the mechanism of SL perception (Xiang et al., 2017) . TFQseries compounds, β-propiolactone derivatives, covalently modify the catalytic Ser residue in Arabidopsis D14 and ShKAI2d6/ShHTL7. These compounds, TFQ0022 and TFQ0023, inhibited SL-induced Arabidopsis D14 and MAX2 interaction in vitro and suppressed SL-dependent inhibition of hypocotyl elongation in Arabidopsis seedlings. It is known that β-propiolactone derivatives are inhibitors of caseinolytic protease (ClpP) in bacteria (Böttcher and Sieber, 2008) . In addition, fluorophosphates, carbamates and heterocyclic ureas are also reported to covalently modify Ser (Shannon and Weerapana, 2015) . Hence, these are potential moieties for developing novel SL antagonists.
Application of SLs
To date, SL analogs and mimics have been tested in the field but have not been used for agriculture. However, as the physiological functions of SLs contribute to a wide spectrum of important functions in plants, SL analogs and mimics are likely to be used in various ways in the future. Here, we present some potential uses for SL analogs and mimics as PGRs and plant bio-stimulants.
Application of SLs in plant growth
As mentioned above, SLs have been characterized as inhibitors of shoot branching (Gomez-Roldan et al., 2008; Umehara et al., 2008) . In rice, SL-biosynthesis mutants show increases in the number of tillers compared with the wildtype, and application of GR24 helps recover their phenotype. Similar mutants in other species such as Arabidopsis, garden pea, petunia (Snowden et al., 2005; Simons et al., 2007) , and maize (Guan et al., 2012) also show an increase in the number of shoot branches. Application of GR24 reduces the number of shoot branches in other plants such as kiwifruit (Ledger et al., 2010) and chrysanthemum (Liang et al., 2010) . Thus, applications of SL analogs and mimics at appropriate concentrations could improve crop yields and concentrate nutrients by reducing the number of non-productive tillers. Similarly, control of the number of branches is important for horticultural plants. To produce high-quality cut flowers, a single flower is often required. Application of SLs may be an effective approach for adjusting the number of branches in horticultural plants.
SLs enhance secondary growth as a result of cambium growth (Agusti et al., 2011) . Exogenous application of GR24 enhanced secondary growth in the inflorescences of Arabidopsis, and in the stems of peas and the woody plant, Eucalyptus globulus. This could be helpful to prevent lodging in cereals and rice because an increase in biomass caused by secondary growth can increase the strength of the stem. Especially in root vegetables, thickening of organs often contributes to increasing the weight of edible parts. SLs play an important role in tuber development in potato (Solanum tuberosum), a major root vegetable. Transgenic potato plants in which expression levels of a SL biosynthesis gene, CCD8, was silenced by RNA interference showed reduced stolon formation (Pasare et al., 2013) . The tuber yield of the transgenic plants was about a third of that of controls, with a large number of small-sized tubers. Tubers from the transgenic plants showed a higher degree of sprouting during storage than wild-type plants. Exogenous application of SL analogs and mimics may be able to increase tuber yield and improve their storage.
In addition to plant architecture, SLs play an important role in responses to abiotic stress, such as drought and salinity. SL-signaling mutants and SL-biosynthesis mutants are hypersensitive to drought and high-salt conditions in Arabidopsis (Ha et al., 2014) . During water-stress conditions, application of GR24 rescued the drought sensitivity of SL-biosynthesis mutants and enhanced the drought tolerance of wild-type plants. These results indicate that SLs could be applied to adapt plants to difficult environmental conditions. Although GR24 is used as a standard SL agonist for almost all biological assays at present, selecting SL analogs and mimics on the basis of their target selectivity could allow them to be used as effective PGRs. For instance, in a field with a seed bank of root parasites, 4BD and the compounds proposed by Boyer et al. (2012) have the potential to change plant functions without stimulating the germination of root parasitic plants by virtue of their target selectivity.
Application of SLs in AM fungal symbiosis
The use of microbial inoculants as plant biostimulants is increasing in agriculture. Plant biostimulants are defined as substrates and micro-organisms that stimulate natural processes in order to benefit uptake and efficient utilization of nutrients, abiotic stress tolerance, and crop quality (Calvo et al., 2014) . SLs act to establish the symbiosis of crop plants with AM fungi through the promotion of extensive hyphal branching. This symbiosis is highly profitable for both AM fungi and their host plants, with the fungi supplying their hosts with water and nutrients, especially phosphate and nitrogen, and in return they receive carbohydrates from their hosts. AM symbiosis improves the uptake of phosphate and plant growth under phosphatelimited conditions. Intriguingly, AM symbiosis can reduce infection by root parasitic plants. For example, mycorrhizal sorghum and maize show reduced infection by S. hermonthica (Lendzemo et al., 2005 (Lendzemo et al., , 2007 . The germination stimulating activities of root exudates from mycorrhizal sorghum and cowpea are lower than those of non-mycorrhizal plants against S. gesnerioides and S. hermonthica (Lendzemo et al., 2007 (Lendzemo et al., , 2009 , and this seems to result from a reduction of SL production and/or exudation. Moreover, AM symbiosis improves the tolerance of host plants to abiotic stresses and plant diseases by inducing defense-response genes (Ruiz-Lozano et al., 1996; Quilambo et al., 2003; Taylor and Harrier, 2003; Liu et al., 2007; Pozo and Azcón-Aguilar, 2007) . At present, SL analogs and mimics with strong hyphal branch-inducing activity have not been discovered, but optimized SL analogs and mimics as chemical communicators with AM fungi could be utilized as plant bio-stimulants to improve nutrition absorption and adaptations to environmental conditions.
Conclusions and perspectives
In this review, we have summarized studies dealing with SL agonists and antagonists, and their practical uses. As they function in multiple aspects of plant growth and rhizosphere communication, SLs are expected to be useful for various purposes in agriculture such as PGRs, plant bio-stimulants, and as stimulants of suicidal germination in root parasitic plants. As we have noted, many natural SLs and SL agonists have been reported and they could be utilized in the field if their weaknesses could be overcome. However, their selectivity with regards to different organisms has not been well investigated. Thus, the discovery and modification of SL analogs and mimics that are specific to living organisms at the level of perception is highly desirable. We can now utilize structural information about some of the D14s and ShHTL5, one of the SL receptors in S. hermonthica (Toh et al., 2015) . Virtual screening of plant hormone receptors could be a very promising methodology for the identification of novel compounds (Sugiura et al., 2017) , to add to the discovery of the antagonist for D14 (Mashita et al., 2016) . These technologies will facilitate the identification of target-selective SL agonists.
Target selectivity will be important to design compounds for practical applications. As general SL analogs, mimics, and antagonists encompass a wide spectrum of SL functions, they may produce unexpected results. For instance, whilst GR24 changes plant functions and stimulates the germination of seeds of root parasitic plants in the soil, 4BD is able to change plant architecture without stimulating germination (Fukui et al., 2013) . Thus, SAR studies of SL analogs, mimics, and antagonists should be useful to elucidate the function of each receptor in SL signaling. As shown by Akiyama et al. (2010) , there is a strict structural requirement for inducing hyphal branching of AM fungi, which means the signal should be mediated through specific receptor(s). The activity of nitro-phenlactone in inducing hyphal branching in the AM fungus G. rosea shows much more moderate activity than that of GR24, although its plant hormonal activity is comparable to GR24 (Jia et al., 2016) . This observation also shows the differences in the structural requirements of SL receptors for their ligands in each organism and suggests the possibility of designing highly selective analogs and mimics. A SL receptor has not yet been discovered in AM fungi: the identification of such a receptor will be important for understanding the role of SLs in AM fungi, and for designing SL analogs and mimics to control hyphal branching. Increased knowledge of natural SLs, SL analogs, mimics, antagonists, and their receptors will bring with it the promise of increasing practical uses, especially in precision agriculture.
